Immunomagnetic reduction (IMR), which involves the use of antibody-functionalized magnetic nanoparticles to specifically label target biomarkers, was utilized to develop an assay for total tau protein in human plasma. The analytic properties of the IMR assay on tau protein were investigated. The limit of detection was found to be 0.026 pg/ml. Other properties such as Hook effect, assay linearity, dilution recovery range, reagent stability, interference test, and spiked recovery were also characterized. The ultra-sensitive IMR assay was applied to detect the plasma tau protein levels of subjects with prevalent neurodegenerative diseases, such as Alzheimer's disease (AD), mild cognitive impairment (MCI) due to AD, Parkinson's disease (PD), frontotemporal dementia (FTD) and vascular dementia (VD). The concentrations of plasma tau protein in patients with VD, PD, MCI due to AD, FTD, and AD patients were higher than that of healthy controls. Using an ROC curve analysis, the cutoff value for discriminating dementia patients from healthy controls was 17.43 pg/ml, resulting in 0.856 and 0.727 for clinical sensitivity and specificity, respectively. The area under the ROC curve was 0.908. These results imply that the IMR plasma tau assay would be useful to screen for prevalent neurodegenerative diseases.
Tau protein is abundant in neurons in the central nervous system [1] [2] [3] . Its main function is to stabilize axonal microtubules [4] [5] [6] . When neurons become fibrillary, tau protein is released abundantly in the brain, leading to a change in the tau protein concentration in cerebrospinal fluid (CSF). Neurofibrillary tangles are frequently observed in brain biopsies of subjects with neurodegenerative diseases (NDD). Thus, patients with NDD show abnormal levels of tau protein in their CSF. In recent decades, several groups have reported an elevation of CSF tau protein in Alzheimer's disease (AD) patients [7] [8] [9] [10] . The results showed that synaptic/axonal degeneration or loss is one of the pathologies for AD. The elevation of CSF tau protein levels was also found in patients with frontotemporal dementia (FTD). Furthermore, independent studies have revealed that concentrations of CSF tau protein in FTD are between those of AD and healthy controls [11] [12] [13] . This result implies that the neurofibrillary tangle formation occurs in FTD patients. In the 2010s, the exploration of tau protein in CSF was not limited to AD and FTD but was initiated for patients suffering from Parkinson disease (PD) or dementia with Lewy bodies (DLB). However, changes in CSF tau protein concentrations of PD or DLB have not been consistent [14] [15] [16] [17] [18] [19] [20] [21] . For example, studies conducted by Parnetti et al. and Arai et al. concluded that patients with DLB show higher concentrations of CSF tau . However, Kanemaru et al. and Andersson et al. indicated that there is no significant difference in CSF tau protein concentration between DLB and healthy controls 16, 17 . However, many reports have revealed that patients with Parkinson's disease dementia (PDD) have lower levels of tau protein in CSF than healthy controls [18] [19] [20] [21] . Nevertheless, Přikrylová et al. found an increase in the CSF tau protein concentration for PD and DLB 22 . The inconsistent results among studies could be attributed to the truly tiny changes in the concentrations of tau protein in CSF in Parkinson's disease. A more precise assay technology might be needed to clearly discriminate the CSF tau protein concentrations between patients with PD/DLB and healthy controls.
With the development of ultrahigh-sensitivity assay technologies, such as modified enzyme-linked immunosorbent assay 23 , multiplex electrochemiluminescence 24, 25 , surface-based fluorescence intensity distribution analysis 26 , multiplexed flowmetrix analysis 27, 28 , selected reaction-monitoring mass spectrometry 29 , and single-molecule array (SIMOA) 30, 31 , the precision of tau protein detection has improved. Furthermore, the investigation of tau protein in dementia is not limited to CSF but has expanded to include human plasma 32, 33 . For example, Zetterberg et al. applied SIMOA to quantitatively detect total tau protein in plasma for normal controls (n = 25) and patients with AD (n = 54) or MCI (n = 75) 33 . The study revealed that the plasma tau protein concentration of AD patients, (8.80 ± 10.1) pg/ml, is relatively higher than that of MCI patients, (4.68 ± 4.25) pg/ml, and normal controls, (4.43 ± 2.83) pg/ml. These ultrahigh-sensitivity assay technologies have created a trend of exploring tau protein levels in human plasma in dementia.
Some authors of the present study developed an ultrahigh-sensitivity assay technology called immunomagnetic reduction (IMR) [34] [35] [36] . Chiu et al. applied IMR to assay plasma tau protein for 107 normal controls, 24 patients with MCI due to AD, and 31 patients with early-stage AD, in Taiwan. Normal controls showed levels of (16.16 ± 9.09) pg/ml for plasma tau protein, whereas patients with MCI due to AD showed levels at (33.33 ± 7.77) pg/ml 37 . A clear difference in the concentration of plasma tau protein was found between controls and patients with MCI due to AD. Moreover, Chiu et al. noted that early-stage AD patients show much higher concentrations of plasma tau protein, (53.57 ± 22.87) pg/ml. The continuous increase in plasma tau protein concentrations from normal controls to MCI and to early-stage AD is found to result from the atrophy of the hippocampus. Lue et al. recruited 16 normal controls and 16 AD patients at the Banner Sun Health Institute to have their plasma tau protein concentrations analyzed by IMR. A higher level of plasma tau protein was observed for AD patients compared with normal controls 38 . These results reveal the high correlation between the concentration of plasma tau protein and the clinical diagnoses and the feasibility of precisely assaying tau protein in human plasma by utilizing IMR. In IMR, magnetic nanoparticles functionalized with antibodies and well dispersed in phosphate-buffered saline (PBS) solution are used as a reagent. For assaying tau protein, the antibody against tau protein is immobilized on these magnetic nanoparticles. Hereafter, such a reagent is referred to as the tau reagent. The ac magnetic susceptibility of the tau reagent is measured using a superconducting quantum interference device (SQUID) ac magnetic susceptometer 39 . Once the magnetic nanoparticles associate with the target molecules, the ac magnetic susceptibility signal is reduced. The reduction in the ac magnetic susceptibility of the reagent, referred to as the IMR signal, is a function of the concentration of target molecules. In previously published papers 37, 39 , significant IMR signals can be observed with a solution of 0.1 pg/ml tau protein. Although IMR sensitivity is ultra-high and it is a promising approach to precisely assay tau protein in human plasma, detailed examinations of the analytic performance of the tau reagent with IMR are absent from the literature. In this work, various experimental parameters, such as the Hook effect, limit of detection, assay linearity, dilution recovery range, assay reproducibility, reagent stability, interference, and spiked recovery, are investigated for the use of the tau reagent with IMR. Additionally, the IMR tau assay is applied to not only AD and healthy controls but also to patients with PD, FTD, and vascular dementia (VD) to explore the differences in plasma tau protein concentrations.
Methods
Constitution of the tau reagent. The tau reagent (MF-TAU-0060, MagQu) is a PBS solution that contains magnetic nanoparticles with a monoclonal antibody (T9450, Sigma) against human tau protein immobilized on their surfaces. The material of magnetic nanoparticle is Fe 3 O 4 , which is coated with dextran. Antibodies are covalently bound to the dextran. The mean value of the hydrodynamic diameter of antibody-functionalized magnetic nanoparticles is approximately 55 nm, measured using dynamic light scattering (Nanotrac 150, Microtrac). The concentration of the tau reagent is 8 mg Fe/ml.
Measurement of IMR signal.
For a given sample, 80 μl of the tau reagent was mixed with a 40-μl room temperature sample. The reduction in the ac magnetic susceptibility (i.e., the IMR signal) of the reagent after being mixed with a sample is measured using a SQUID-based ac magnetic susceptometer (XacPro-S, MagQu). To clarify the analytic performance of the tau reagent with IMR, several characterizations such as Hook effect, Table 3 . Ranking list of the 60 measured tau protein concentrations for PBS samples not spiked with tau protein using the IMR tau reagent. represents the proportionality between φ tau-IMR and φ tau with the slope of 1.00 for the φ tau from 1 to 3,000 pg/ml. detection limit, assay linearity, dilution recovery range, assay reproducibility, reagent stability, interference test, and spike recovery, were investigated. The investigations were performed according to the global standardizations described by the Clinical & Laboratory Standards Institute (CLSI). The document numbers of the guidelines are EP5-A3, EP7-A2, EP17-A2, and C28-A2. Thus, the analytic performance of the tau reagent with IMR obtained by following the guidelines can be globally applied to clinical chemistry and laboratory medicine. The preparation of samples used for characterizing each type of analytic performance of the tau reagent is described in the Results and Discussion section.
Recruitment of subjects.
Subjects were recruited at National Taiwan University Hospital, Taiwan. All study subjects or their primary caregivers provided informed consent prior to participation in this investigation, and the study was approved by the ethics committee and the institute review board of National Taiwan University Hospital (Nos 201103059RB, 201301036RIND and 201406125DSC). All experiments were performed in accordance with relevant guidelines and regulations. Table 5 . Dilution factors, expected concentration, measured concentration, and dilution recovery for diluted samples used in the tests of dilution recovery range for assaying tau protein using the IMR tau reagent.
The exclusion and inclusion criteria for healthy controls and patients with MCI due to AD, AD, PD, FTD, or VD are listed in Table 1 . The PD patients were at the stage of either PD with normal cognition, PD MCI or PD dementia. The demographic information of subjects is listed in Table 2 .
Preparation of human plasma. Subjects were asked to provide a 10-ml non-fasting venous blood sample (K3 EDTA, lavender-top tube). Colleagues were blind to all samples in the laboratory. The blood samples were centrifuged (1500-2500 g for 15 minutes) within 1 hour of the draw, and the plasma was aliquoted into cryotubes and stored at −20 °C.
Statistical analysis.
A multivariate analysis of variance (MANOVA) with a Bonferroni correction was used to examine group differences. A receiver operating characteristics (ROC) analysis was computed to identify possible useful cutoff points. Table 8 . Standard deviations of repeatability and within-lab precision for assaying tau protein concentrations in PBS using the tau reagent with IMR. The used samples show the mean measured total tau protein concentrations of 9.91 pg/ml and 95.46 pg/ml. The coefficient of variation is the ratio of the standard deviation to the mean of measured total tau protein concentrations.
Results
Hook effect on assay. Phosphate buffered saline (PBS) solutions spiked with various concentrations of tau protein, present as six isoforms (T7951; Sigma-Aldrich), were used as samples (referred to as Tau-PBS samples) for IMR measurements. The tau protein concentrations of Tau-PBS samples are 0.1, 1, 10, 30, 100, 1,000, 3,000, and 10,000 pg/ml. The IMR signals of these Tau-PBS samples are plotted in Fig. 1 . The error bar associated with each data point in Fig. 1 is generated from duplicate measurements. It was found that the IMR signal, IMR(%), is larger for higher tau protein concentrations. However, the IMR signal for the 10,000-pg/ml Tau-PBS sample is lower than that for the 3,000-pg/ml Tau-PBS sample. The decrease in the IMR signal at tau protein concentrations higher than 3,000 pg/ml is a result of the Hook effect. The IMR signals in Fig. 1 for tau protein concentrations from 0.1 pg/ml to 3,000 pg/ml are used for exploring the analytic relationship that follows the logistic function 
Assay detection limit.
The global standards of the assay detection limit is described in CLSI EP17-A2, which provides guidance for evaluating the detection capacity of clinical laboratory measurement procedures (i.e., limit of blank and detection). According to CLSI EP17-A2, the limit of blank (LoB) should first be established, followed by finding the limit of detection (LoD). LoB is established as follows: the measurements are where N B = 60 (N B is the number of trials) in this case. Equation (2) This is a non-integer value. The distribution of 60 testing results exhibits a non-Gaussian distribution. Linear interpolation is carried out using the 57 th and 58 th ranked observations according to CLSI EP17-A2. The 60 measured concentrations for PBS samples that are not spiked with tau protein (i.e., blank samples) are ranked in Table 3 . Using the 57 th and 58 th ranked observations for the linear interpolation, the 57.5 th (which denotes the mean of the measured concentrations of the 57 th and 58 th tests) observation indicates that the measured concentration is 0.01 pg/ml, which is the value of LoB for using the tau reagent with IMR to assay tau protein in PBS.
The limit of detection (LoD) is calculated via
S where σ S is the standard deviation of the measured tau protein concentrations of Tau-PBS samples at a given spiked tau protein concentration (e.g., 0.1 pg/ml in this work). The tau protein concentrations of 60 Tau-PBS samples were measured using the tau reagent with IMR. The measured concentration for each sample is listed in Table 4 . The mean measurement of the 60 measured concentrations is 0.11 pg/ml. The σ S of the 60 measured concentrations is 0.01 pg/ml. The LoD for assaying tau protein is 0.026 pg/ml using Eq. (4).
Assay linearity. The range of assay linearity was evaluated by comparing the tau protein concentration predicted by the IMR signal, φ tau-IMR , to the actual tau protein concentrations φ tau of the Tau-PBS samples. Thus, the measured IMR signals of the Tau-PBS samples from 0.1 pg/ml to 3,000 pg/ml, as shown in Fig. 1 , are converted to φ tau-IMR via Eq. (1). The φ tau-IMR versus φ tau are plotted in Fig. 2 . The relationship between φ tau-IMR and φ tau was found to be
The coefficient of determination R 2 is 0.999, and the correlation coefficient is 0.999. The acceptance criteria of the slope and correlation coefficient in the φ tau-IMR − φ tau curve are 0.9~1.1 and ≥0.95, respectively. The test results meet the acceptance criteria. Hence, the analytical measurement range for assaying tau protein using the tau reagent with IMR spans from 0.1 to 3,000 pg/ml. Dilution recovery range. One sample of PBS solution spiked with a known, purified Tau concentration (1018.57 pg/ml, measured with IMR) was diluted by factors of 5, 10, 20, 50 and 100 with PBS solution. The expected tau protein concentrations of these diluted samples were determined to be 203.57, 101.86, 50.93, 20.37, and 10.19, respectively, by dividing 1018.57 pg/ml by the dilution factors. The measured tau protein concentrations of these diluted samples were assayed using the tau reagent with IMR, as listed in Table 5 . From the expected concentration and the measured concentration, the dilution recovery can be determined by
The dilution recoveries are listed in the right-most column of Table 3 . The recoveries for tau protein solutions diluted at 1:5, 1:10, 1:20, and 1:50 ranged from 91.2% to 108.7%, which are within the acceptable dilution recovery range, i.e., from 90% to 110%. The recovery of the tau protein solution diluted by a factor of 100 is lower than 90%. This result implies that the sample used for IMR tau protein assay should not be diluted more than 100 times.
Assay reproducibility. Reproducibility testing was conducted in accordance with the CCLS EP5-A3:
Approved Guidelines for Evaluation of Precision Performance of Quantitative Measurement Methods. The Tau-PBS samples were measured in duplicate in one run. Two sequential measurements containing two duplicate Table 11 . Measured tau protein concentration using the IMR reagent and spiked recovery rate for spiked tau plasma samples.
measurements each are regarded as two runs. Two different and unknown tau protein concentrations were used for the tests. The measured tau protein concentrations φ tau-IMR using the tau reagent with IMR are listed in Table 6 (Tau-PBS sample 1) and 7 (Tau-PBS sample 2). The mean concentrations of each pool are 9.91 pg/ml (Tau-PBS sample 1) and 95.46 pg/ml (Tau-PBS sample 2). Following the statistical method described in the CCLS EP5-A3: Approved Guidelines for Evaluation of Precision Performance of Quantitative Measurement Methods, an analysis of the results in Tables 6 and 7 yields the within-lab precision and standard deviations of repeatability, which are shown in Table 8 . The imprecision (%CV) of assaying tau protein using the tau reagent with IMR is less than 15%.
Reagent stability. A Tau-PBS sample is used to test reagent stability. The tau reagent was stored at 2-8 °C during the test. The variation in the measured tau protein concentration of the Tau-PBS sample on different days is listed in Table 9 . The standard deviation of each measured concentration was determined from duplicate measurements. The measured concentration on Day 0 (week 0) is used as a reference, and the p value of the measured concentrations in other weeks are calculated and are listed in the right-most column in Table 9 . All p values are higher than 0.05. This result implies that there is no significant variation among these measured concentrations. The % drift of the measured tau protein concentration, in comparison with Day 0, at each time point was within the range −10% to 10%. Therefore, the data demonstrate a 166-day stability period for the tau reagent when stored at 2-8 °C.
Interference test. Human plasma may contain materials that can interfere with these measurements, such as hemoglobin, bilirubin or intralipid (associated with diseases such as hemolysis, jaundice or hypertriglyceridemia). Table 12 . Clinical sensitivity for discriminating between each type of dementia and healthy controls using 17.43 pg/ml of plasma tau protein as a cutoff value.
Other biomaterials naturally exist in plasma, such as uric acid, rheumatoid factor or albumin, which also interfere. Drugs or chemicals in medicine used to treat inflammatory diseases, viral and bacterial infections, cancers and cardiovascular disease may also interfere. Each of the natural biomaterials and drugs or chemicals tabulated in Table 10 were added to individual PBS solutions, which also contained 100 pg/ml tau protein. Their concentrations are listed in Table 8 . Note that the concentrations of the interfering materials used in this study are much greater than ordinary levels. For example, the level of hemoglobin in the blood of a patient with hemolysis is approximately 500 μg/ml. The concentration of hemoglobin used in Sample No. 2 is 1000 μg/ml. The measured tau protein concentrations for these 100-pg/ml Tau-PBS solutions are listed in Table 10 . The measured tau protein concentration for the PBS solution (Sample No. 1) with only 100-pg/ml tau protein is used as a reference. All the measured tau protein concentrations for the other PBS samples (Sample Nos 2-15) with both 100-pg/ml tau protein and the interfering materials are compared with the reference tau protein concentration (Sample No. 1). The Mean % Recovery is determined by the ratio of the measured tau protein concentration of a sample to that of the reference sample (No. 1). Acceptable Mean % Recovery values range from 90.0% to 110.0%. The results showed that the Mean % Recovery of these tests ranges from 91.8 to 108.9, as shown in Table 8 . This finding indicates that the biomolecules, drugs and chemicals listed in Table 10 do not interfere with the assay for tau protein using the tau reagent with IMR.
Spiked recovery. The tau protein concentration of a human plasma sample (No. PRA in Table 11 ) was determined via IMR assay to be 21.54 pg/ml. The other human plasma sample spiked with tau protein (No. PRF) was assayed using the tau reagent with IMR and found to be 1589.06 pg/ml. Sample PRF was spiked into sample PRA at various volume ratios, as listed in Table 9 , to obtain tau plasma samples of various tau protein concentrations. The expected concentrations of various spiked tau plasma samples are listed in Table 11 . The measured tau protein concentrations of these spiked human plasma samples were determined using the tau reagent with IMR, as listed in Table 11 . The spiked recovery was calculated as the ratio of the measured concentration to the expected concentration. As shown in the right-most column in Table 11 , the spiked recovery ranges from 90% to 110% with a mean of 96.8% for tau plasma samples using the tau reagent with IMR.
Plasma tau protein concentrations in dementia. The tau reagent with IMR was used to assay tau protein, φ tau-IMR , in plasma for healthy human controls and subjects with various types of dementia. The results are plotted in Fig. 3(a) . Each data point in Fig. 3(a) denotes the tau protein concentration of a subject. The average values and the standard deviations of the measured tau protein concentrations, φ tau-IMR , for every group are listed in Table 2 . The healthy controls exhibit the lowest level of plasma tau protein, whereas the AD patients show the highest level of plasma tau protein.
The detected concentrations of plasma tau protein shown in Fig. 3 range from 10 to 100 pg/ml, which is higher than that reported in other studies such as ref. 33 (1-10 pg/ml). The difference might be attributed from the assay technologies. The technology, so-called single molecule assay (SIMOA), was used to assay plasma tau protein in ref. 27 . The SIMOA utilizes magnetic nanoparticles for the purification of tau protein molecules (or to concentrate tau protein molecules). This process usually causes loss of tau protein molecules. IMR is a direct measurement of plasma tau protein molecules. Hence, the levels of plasma tau protein molecules detected with SIOMA would be lower than that of IMR.
Discussion
According to the results shown in Fig. 3 , an average tau protein concentration φ tau-IMR of (13.37 ± 7.77) pg/ml in the plasma was found in healthy controls (n = 66). The φ tau-IMR in plasma of subjects suffering from VD (n = 29) was measured as (19.96 ± 9.95) pg/ml, which is slightly higher than that of healthy controls (p < 0.05). The results are consistent with the reported observations for the elevation of tau protein concentrations in the CSF of VD patients [41] [42] [43] . The φ tau-IMR was (26.20 ± 8.37) pg/ml for PD patients (n = 41), and this value is significantly larger than that for VD (p < 0.05). This result might imply that the neurofibrillary tangle formation is more common in PD than in VD. Remarkably, a clear difference in the plasma tau protein concentration was observed between healthy controls and PD patients (p < 0.001). Hence, PD may be related to tauopathy.
For the plasma tau protein concentration in patients with MCI due to AD (n = 24), the φ tau-IMR values are (33.33 ± 7.77) pg/ml. The p value in φ tau-IMR between MCI due to AD and PD is smaller than 0.001, indicating a significant difference in φ tau-IMR between these two types of dementia. A significant difference in φ tau-IMR was also found between FTD and MCI due to AD (p < 0.001). The FTD patients (n = 26) had a plasma tau protein concentration of (41.28 ± 20.13) pg/ml. The φ tau-IMR values of AD patients (n = 29) showed the highest level, (55.44 ± 22.45) pg/ml, resulting in a p value smaller than 0.05 compared with the φ tau-IMR of FTD. It should be noted that AD and MCI due to AD are highly related to tauopathy (i.e., neurofibrillary tangle formation of neurons). The fact that FTD has a tau protein level between those of MCI due to AD and AD suggests that the neurofibrillary tangle formation plays a role in causing FTD. This fact is consistent with observations of neurofibrillary tangles in the brain biopsies of FTD patients.
By combining all patients in the category of dementia subjects, an analysis of the receiver operating characteristic (ROC) curve was conducted to discriminate between healthy controls and dementia subjects in terms of plasma tau protein concentration; the results are shown in Fig. 3(b) . The cutoff value for the plasma tau protein concentration is 17.43 pg/ml, as plotted with the dashed line in Fig. 3(a) . The corresponding clinical sensitivity and specificity are 0.856 and 0.742, respectively. The area under the curve is 0.907. These results support the feasibility of screening for dementia in VD, PD, MCI due to AD or AD by assaying plasma tau protein. The clinical sensitivity of screening each type of dementia, using 17.43 pg/ml as a cutoff value for the plasma tau protein concentration, was calculated and is listed in Table 12 . The clinical sensitivity between VD and healthy controls is 0.517. The clinical sensitivity between healthy controls and either that of PD, MCI due to AD, FTD or AD is higher than 80%. Therefore, plasma tau protein is a promising biomarker for screening for VD, PD, MCI due to AD, FTD and AD. Note, the clinical sensitivity of discriminating VD from healthy controls using plasma tau protein levels is 0.517. This finding means that the plasma tau protein concentrations of VD mostly overlap with those of healthy controls. Although some reports showed an elevation of CSF tau protein concentration in VD compared to healthy controls [41] [42] [43] , other published papers demonstrated no significant increase in CSF tau protein levels in VD 44, 45 . Furthermore, pathological evidence was given to reveal insufficient neurofibrillary tangles in temporal and frontal cortices in VD [46] [47] [48] . The inconsistency among studies on tauopathy in VD might be a result of the severity of cerebrovascular disease, age, or the acute or chronic phase of brain ischemia 41, 44, 49 . More effects are needed to clarify the role of each factor in VD.
